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The monolayer Gallium sulfide (GaS) was demonstrated as a promising two-dimensional semicon-
ductor material with considerable band gaps. The present work investigates the band gap modula-
tion of GaS monolayer under biaxial or uniaxial strain by using Density functional theory calculation.
We found that GaS monolayer shows an indirect band gap that limits its optical applications. The
results show that GaS monolayer has a sizable band gap. The uniaxial strain shifts band gap from
indirect to direct in Gallium monochalcogenides (GaS). This behavior, allowing applications such
as electroluminescent devices and laser. The detailed reasons for the band gap modulation are also
discussed by analyzing the projected density of states (PDOS). It indicates that due to the role of
py orbital through uniaxial strain become more significant than others near the Fermi level. The
indirect to direct band gap transition happen at ε=-10y%. Moreover, by investigating the strain
energy and transverse response of structures under uniaxial strain, we show that the GaS monolayer
has the Poisson’s ratio of 0.23 and 0.24 in the zigzag (x) and armchair (y) directions, respectively.
Thus, we conclude that the isotropic nature of mechanical properties under strain.
I. INTRODUCTION
The 2D materials hold great promise in the design of
new nano-devices for future applications, due to their
fascinating electronic, mechanical, optical, and thermal
properties which are caused by their low dimension-
ality and quantum confinement effect. The some of
these novel properties not seen in their bulk counterparts
[1]. 2D nano-sheets with hexagonal structure, such as
graphene, hexagonal boron nitride (h-BN) and transition
metal dichalcogenides (TMDs) have attracted extensive
research effort in recent years. The utility of these mate-
rials, however, is limited by some imperfections such as
the lack of a band-gap in graphene and the relatively low
mobility in some TMDs [2]. It has motivated continuing
work in search of more 2D materials that demonstrate
their properties that may lead to improving specific per-
formance.
Recently, another class of 2D materials, metal chalco-
genides, came into being and attracted considerable at-
tention. These layered materials generally possess the
chemical formula MX, where M= Group IIIA and X=
Group IVA. Gallium sulfide is an indirect band gap semi-
conductor. A primitive cell of GaS contains four Gallium
atoms and four sulfur atoms. Its structure is formed from
four layered of S-Ga-Ga-S type as illustrated in Fig. 1.
The interlayers dominantly experience the weak Van der
Waals interaction, while within the layer the Ga and X
atoms form the strong covalent bond similar to graphene
and TMDs.
GaS nanosheet was successfully isolated by microme-
chanical cleavage technique [3][4]. Monolayer gallium sul-
fide has been used in photodetectors, photoelectric de-
vices, electrical sensors, near-blue light emitting devices
[5][6][4], and field effect transistors (FET). The mobil-
ity of 0.1 cm2/V.S have been measured by David et al
[7] in ultra-thin GaS bottom-gate transistors. Moreover,
the piezoelectric coefficients of GaS monolayer are of the
same order of magnitude as discovered two-dimensional
(2D) piezoelectric materials. (The boron nitride (BN)
and MoS2 monolayers [8]).
The indirect band gap of GaS monolayer presents an
obstacle for optoelectronic devices applications involv-
ing light harvesting, light emitting, photodetectors and
lasers. The thicker thinfilm with direct optical band gap
is desired. The strain plays an important role to en-
gineer band gap of semiconductors in the field of mi-
croelectronic. It would be very interesting to investi-
gate the effect of strain on the band structure of GaS.
The effect of strain on graphene and TMDs have been
widely studied[9][10][11][12] [13][14][15]. The band struc-
ture of these can be remarkably tailored by applying
strain [16][17]. If the energy difference of the indirect
and direct band gap is small, then it may be possible
to achieve indirect-direct band gap transition. The GaS
nanoribbons can be directly obtained by cutting the GaS
monolayer (Fig. 8). Depending on the direction of ter-
mination, there exist two kinds of nanoribbons: arm-
chair and zigzag. The armchair GaS nanoribbons and
zigzag GaS nanoribbons can be identified by the number
of dimer lines or zigzag chains across the ribbon width
and are labeled as Na-AGaSNR and Nz-ZGaSNR, re-
spectively.
In the present work, we have studied the electronic
properties of GaS monolayer under strain. The strain
can easily perform by a lattice mismatch on the substrate
or mechanical loading[18]. we employed two type of de-
formations: uniaxial and biaxial. The uniaxial strain is
parallel to x and y directions in the range of ε=-10%
to ε=+10%. The biaxial compressive strain can firstly
increase the band gap, up until 2.76 eV at ε=-4% and
then reduce it, while biaxial tensile strain reduces the
band gap gradually. Both of them can not change the
indirect band gap to direct band gap. Monolayer GaS
undergoes indirect to direct band gap transition under
uniaxial compressive strain along y-direction. It can in-
dicate that as biaxial strain increasing the semiconductor
to metal transition occurs by the energy crossover of one
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2FIG. 1. A schematic showing the crystal structure of GaS
monolayer with (a) top view and (b) side view. The blue
and yellow spheres represent the Ga and S atomic species,
repectively. a0 and d represent the lattice constant and the
thickness of the GaS monolayer as defined by the distance
between the top and bottom layer of sulfur atom. The x and y
orientations correspond to the zigzag and armchair direction,
respectively.
state in conduction band from Fermi level. Also, we fo-
cused on the effect of edge passivation on the electronic
band structures. We demonstrated that the electronic
properties of edge zigzag and armchair GaS nanoribbons
can be largely tuned by edge passivation. Therefore, of-
fers a powerful tool for customizing to a particular appli-
cation. The band gap of nanoribbons can be also reduced
or enlarged, depending on the direction of termination
(zigzag or armchair) and width of nanoribbons.
II. METHOD
The calculations were performed using ab initio den-
sity functional theory (DFT) in conjunction with projec-
tor augmented wave (PAW) potentials [19] and Perdew-
Burke Ernzerted (PBE) generalized gradient approxima-
tion (GGA) to the electronic exchange and correlation
[20], as implemented in the Quantum Espresso (QE)
package [21]. The K-point mesh in the lateral directions
was always 9×9×1 while, the 8×1×1 grid K-points was
used for armchair nanoribbons and 1×12×1 for zigzag
nanoribbons. A kinetic energy cutoff of 500 eV was used
for the plane-wave expansion. Test calculation with the
bigger number of K-points and higher cutoff gave essen-
tially the same results. Bader analysis was used to cal-
culate charge transfer between Ga and S under different
strain by Critic2 [22].
The layered GaS is modeled using a supercell method
with 2D periodic boundary conditions. A vacuum re-
gion of 20 A˚ along the c direction was used to separate
the layers system in order to avoid spurious interactions.
The geometric structures of the GaS monolayer are op-
timized by the conjugate-gradient minimization scheme.
All of the atoms in the unit-cell are fully relaxed until
the force on each atom is minimized. Our calculated lat-
tice constant for GaS monolayer is 3.64 A˚, and the band
gap of 2.45 eV in good agreement with other theoretical
calculation [23][24].
III. RESULTS AND DISCUSSIONS
Here, we examine the band gap evolution under
biaxial and uniaxial strain. In spite of DFT band gap
underestimation in semiconductor, the Si nanostruc-
tures strain-dependency is similar compared to optical
band gap predicted by the quasiparticle and advance
configuration interaction methods [25]. Therefore, we
can predict the general trend of the strain effect on
band structure. The present work is mainly focused
on the strain effect on the electronic band structure by
the GGA-PBE. As expected not only the Ga-S bond
length but also the distance between S atoms vary with
applied strain, thus, the band gap can be significantly
tuned by biaxial and uniaxial strain as shown in Fig. 2
and Fig. 4. So the GaS monolayer with an indirect band
gap can tune into a direct band gap with a suitable
uniaxial strain and experiences a semiconductor to metal
transition with biaxial tensile strain.
The equilibrium structure was exposed to mechanical
strain via two strategies: First, biaxial deformation, 2D
isotropic deformation on the hexagonal unit cell with si-
multaneous change of a0 and b0 lattice vector. Second,
uniaxial deformation of a0 (b0) along the zigzag (arm-
chair) direction x (y) in the rectangular unit cell. The
strain along the x and y direction are given by
x = (ax − a0)/a0 (1)
and
y = (by − b0)/b0 (2)
respectively. Where ax and by are deformed lattice vec-
tor along x and y directions. The calculated lattice pa-
rameters a0 and b0 in the unstrained structure of GaS
monolayer are 3.64 A˚ and 2.35 A˚, respectively.
3A. Biaxial strain
Our DFT calculations found that the strain-free GaS
monolayer is the semiconductor with an indirect bandgap
that, the valence band maximum (VBM) locates along
the Γ-X line while the conduction band minimum (CBM)
lies at Γ as shown in Fig. 2. To better understand the
strain-depend band gap behavior, we calculated the ef-
fect of biaxial strain on the band structure was presented
in Fig. 2. Note that, irreducible Brillouin Zone of GaS
under biaxial strain remains unchanged, as the hexago-
nal symmetry is saved. With tensile biaxial strain, the
energy of the CBM at Γ reduces rapidly. But the reduc-
tion of energy of VBM as labeled Λ is slower than up to
+6%. When more strain is added, the energy of Λ (at
VBM) increases. The result indicates that when biaxial
tensile strain is applied the CBM and VBM always lo-
cate at Γ and Λ point, which moves close to the Fermi
level with an increase of tensile strain and suggesting a
stronger indirect band gap.
Fig. 5 shows variation of band gap as a function of bi-
axial strain. It can be found that, the band gap energy of
GaS monolayer decrease approximately linearly with in-
creasing tensile strain. As the more tensile strain applied
up to ε=15%, the band gap vanishes and consequently,
the monolayer becomes metallic with band crossing the
Fermi level at the Γ point. On the other hand, when
a compressive strain of ε=-2% was applied to the struc-
ture, the VBM remaining at Λ while the CBM shifted to
M. When ε=-4%, the CBM of monolayer switches from
M to K, while keeps the VBM unchanged. It is obvious
that the band at A point gradually moves upward, conse-
quently, at ε=-6% VBM changes to Γ point. At the same
time, the B (CBM) point energy downward under com-
pressive strain. As the value of the compressive strain in-
creases similar behavior occurs with the VBM and CBM.
But the energy shift of B point is more prominent than
A point. Moreover, except within ε=-2% and ε=-4% of
compressive strain, the band gap generally reduced as
the strain increase. (shown on the Fig. 5). It is clear
that the indirect band gap can not be transformed to be
direct band gap by applying biaxial strain in the range
of ε=-10% to ε=10%.
To understand the bandgap engineering via biaxial
strain, the projected density of states (PDOSs) were cal-
culated for the GaS monolayer. It can be found that
from Fig. 3, the electronic states of GaS monolayer near
the CBM and VBM contributed mainly from pz and s
orbitals of the Gallium atoms and the py orbital of the
Sulfur atoms. It is clear that the S py orbital plays a very
important role in the VBM. As the tensile strain applied,
the CBM and the VBM shift toward the Fermi level. At
ε=4%, the S py orbital shifts back and VBM is replaced
by S pz orbital. On the other hand, when a compressive
strain was applied of ε=-2% and ε=-4%, the CBM and
VBM of sulfur atoms are not contributed by the same
electric components as that of pristine one. As shown
in Fig. 3 at ε=-2% and ε=-4%, the CBM and VBM of
sulfur atoms are mainly contributed by pz orbital. At
the same time, the electronic component of VBM of Ga
is not changed and it is still contributed by Ga s and
Ga pz orbitals, while the electronic components of CBM
of Ga are changed and contributed by Ga pz and py or-
bitals. The main changing in the electronic contribution
of CBM and VBM of sulfur atoms, leading to a band gap
enhancement for GaS monolayer at ε=-2% and ε=-4%.
As the compression increases further, above ε=-4% the S
and Ga py orbitals shift toward the Fermi level and the
band gap decreases again.
B. Uniaxial strain
We have also applied uniaxial strain on rectangular
GaS monolayer. Under uniaxial strain, the original crys-
tal symmetry is broken, thus the K-points become no
longer equivalent as before. We define the εx and εy
along the zigzag and armchair directions. In the band
structure of the pristine GaS monolayer, the VBM loca-
tion between Γ-X and the CBM location at the Γ point
results in indirect bandgap (see Fig. 4).
Under zigzag compressive strain, the VBM is retained
between Γ-X, as the value of the compressive strain
increase, the energy of A point gradually increases.
Beyond ε=-6x%, A has a highest energy and thus
represent the VBM. With an increase compression, the
dispersion relation of the CBM at Γ gradually deform,
therefore making the pristine CBM point at Γ move to
another energy point between Γ-X, above ε=-4x%. And
the indirect semiconductor character is retained. As
the zigzag tensile uniaxial strain applied, the band gap
retain indirect. With continuous increase of the strain,
the band gap decreases. As can be found, the CBM and
VBM remain at Γ and between Γ-X, respectively.
Under the tensile strain along the y-direction (arm-
chair) keeping the VBM unchanged, while the energy of
the CBM at Γ, decreases rapidly. Thereby strengthening
the indirect band gap quickly.
As the uniaxial compressive strain is taken along y
direction, the CBM always locates at the Γ point with
experiences approximately 0.7 eV downward shift up to
ε=-10y%. At the same time, as the more compression
was applied, the energy of a sub-VB (labelled B) raises
rapidly. At ε=-10y%, the energy of B at Γ point has a
higher energy than C and becomes the VBM. Therefore
showing a direct band gap at Γ.
In summary, the biaxial strain can not change the indi-
rect band gap to direct, Nevertheless, has more influence
on electronic band structure. But the armchair compres-
sive uniaxial strain can reduce the band gap and leading
to indirect-direct transition at ε=-10y% strain. For more
details, the PDOS were calculated as shown in Fig. 6. By
analyzing the PDOS under armchair strain found that
the role of py orbital gradually increase for both Ga and
4FIG. 2. First-principles band structure of monolayer GaS under biaxial tensile and compressive strain. The negative value
indicates the compressive strain. The VBM and CBM are labeled by A and B. The dashed lines are guide for an eye for energy
shifts of states. The horizontal dashed lines indicate the Fermi level. The fermi level is set to zero.
FIG. 3. The projected density of states of GaS monolayer under (a) biaxial tensile strain and (b) biaxial compressive strain.
The panels a-c and b-d refer to the Ga and S atoms, respectively. The vertical dashed lines indicate the Fermi level. The Fermi
level is aligned at zero.
S atoms. With the continuous increase of the strain at
ε=-10y% (where indirect-direct transition happens) the
CBM and VBM are mainly contributed by S py pz Ga
s py orbitals. Therefore, the band gap transition occurs
at Γ point caused by the increasing contribution of py
orbital.
IV. CHARGE TRANSFER
In this section, we examine the charge transfer between
Ga and S atoms By Bader analysis [22]. The depletion
of charge on Ga atom is 0.82e in pristine GaS monolayer,
whereas excess charge on S atoms that proves the ionicity
5FIG. 4. The band structure calculated under tensile and compressive strain along (a) zigzag and (b) armchair directions. The
variation of states A, B and C with strain are marked out by dashed lines.
FIG. 5. (a) Band gap variation of GaS monolayer versus biaxial compressive strain and tensile strain in the range of ε=-10%
to ε=10%. The various gaps are indicated by the location in the irreducible Brillouin Zone were the VBM and CBM occur.
(b) Variation of ∆E between the strain-free and strained GaS monolayer as function of biaxial strain
in Ga-S bonding. The charge transfer from S to Ga in-
creases with increasing compressive biaxial strain. Thus,
we conclude that the Ga-S bonds become less ionic and
mix ionic-covalent in comparison with equilibrium struc-
ture. As the large tensile strain applied, (above ε=6%)
the charge of sulfur and Gallium come back to near iso-
late atom because of the distance between S and Ga in-
creases.
V. MECHANICAL PROPERTIES
The strain in the x or y-direction and the transverse
strain in the y or x-direction are shown in Fig. 7. for the
GaS monolayer Poission’s ratio:
ν = dtransverse/daxial (3)
are calculated by fitting the figure of transverse
strain response. The obtained results are 0.23 and 0.24
under zigzag and armchair uniaxial strain, respectively.
These two close value of Poission’s ratio indicate the
isotropic nature of the mechanical properties of the
GaS monolayer. In another word, we understand the
mechanical properties are independent of direction.
While phosphorene has anisotropic nature of mechanical
properties with 0.24 and 0.7 value for Poission’s ration
in zigzag and armchair direction [26].
In the Fig. 7, we plotted strain energy for two direc-
6FIG. 6. The PDOS on GaS monolayer under uniaxial com-
pressive strain along y (armchair) direction. The panels a and
b refer to Ga and S atoms, respectively.
tions (zigzag and armchair) Estrain as:
Estrian = ET (ε)− ET (ε = 0) (4)
where ET (ε) and ET (ε = 0) are the total energies of the
GaS monolayer with strain and strain-free, respectively.
It is clear that the near degeneracy of strain energy in
zigzag and armchair directions in the range of ε=-10% to
ε=10%, demonstrate that, for applying strain in either
zigzag or armchair directions need equal energy. In ad-
dition, confirm the isotropic nature of mechanical prop-
erties. In the end, we calculated the energy difference
(∆E) between strained and strain-free GaS monolayer
as the function of biaxial strain.
The ∆E increases monotonously (Fig.5) for both ten-
sile and compressive strains, shows that the system is in
the range of the elastic deformation. Therefore, after re-
moving applied strain, the structure releases back to the
original structure which is important for sensor applica-
tions.
VI. NANORIBBON
We have also investigated the electronic properties
of bare and hydrogen saturated zigzag/armchair GaS
nanoribbons to find indirect-direct band gap transition.
First, we calculated the band structure of bare-edge arm-
chair GaS nanoribbon with a width ranging from Na = 4
to Na = 10. We found that all armchair nanoribbons
are indirect band gap semiconductor. with Eg values
of approximately 1.47 eV, independent of the width,
which is smaller than the monolayer band gap(2.45 eV)
and can not be interpreted by the well-known quantum
confinement effect. The new flat energy level at both
conduction and valence band edges came into being via
edge atoms of nanoribbons presence. engineering the
band structure, both edges are passivated with hydrogen
atoms (each edge Ga and S atoms are terminated by
one H atom). Fig. 9 depicts the band structure for
passivated armchair GaS nanoribbons. It reveals that
the AGaSNR remain semiconductor after hydrogen
saturation and keep semiconducting independent with
the ribbon width. After passivation, the band gap
experiences a big jump from 1.47eV to 2.48 eV for
all nanoribbons, approximately. As the width of the
nanoribbons increase, the band gap decrease, slowly. At
the same time, the band at Γ point moves downward
(not shown here) and become CBM in 10-AGaSNR.
Consequently, the band structure undergoes an indirect
to direct transitions in the 10-AGaSNR passivated. In
addition, the energy bands around the Fermi level are
rather flat for all the investigated nanoribbons Which
suggest a large effective mass and improvement in their
transport properties.
Also, we examine the zigzag GaS nanoribbons with a
width ranging from Nz=4 to Nz=10. The results in-
dicated that, in contrast to armchair GaS nanoribbons,
the zigzag structure are metallic and their metallic be-
havior is independent of ribbon width. As can be found
that from Fig. 9, when saturating the zigzag nanorib-
bons edge with hydrogen, all of the nanoribbons retain
metallic behavior, except 4-ZGaSNR that become semi-
conductor with a small indirect band gap of 0.16 eV and
direct band gap of 0.15 eV. It caused by edge effects in
4-ZGaSNR that influences each other.
VII. CONCLUSION
In conclusion, the first-principles DFT calculations
introduce some special circumstance in which GaS struc-
tures experience indirect-direct band gap transition.
Applying the mechanical deformation via biaxial and
uniaxial strain, not only the Ga-S bond length, but
also the angle between S-Ga-S atoms have a significant
impact on the band structure of GaS monolayer. We
show that under biaxial strain in the range of ε=-10% to
10%, the indirect to direct transition of GaS monolayer
7FIG. 7. (a) The applied axial strains in the zigzag and armchair direction, respectively. (b) The evolution of strain energy of
GaS monolayer under uniaxial strain along the x (black) and y (dashed red) directons
did not observe. The band gap always decreases under
strain except at ε=-2% and ε=-4% because the pz
orbital shift towards the Fermi level and above ε=-4%,
replaced by py again and the GaS monolayer exhibits a
semiconductor to metal transition at ε=+15%. Under
uniaxial compressive strain along y (armchair) direction,
the upward shift of sub-VBM is more than VBM and
become VBM at Γ point and leading to crossover from
indirect to direct band gap at ε=-10% due to py orbital
move toward the Fermi level in both Ga and S atoms.
The Poission’s ratio along armchair and zigzag direc-
tions has isotropic nature and we can tailor GaS band
gap with uniaxial ε=-10% strain without concern to
mechanical anisotropy in contrast to phosphorene that
posses anisotropic nature of mechanical properties.
For nanoribbon structures, we find that both bare and
hydrogen saturated AGaSNR are a semiconductor, while
the ZGaSNRs are metallic. The semiconductor behavior
of the AGaSNR is independent of the ribbon width.
The band gaps of H-saturated AGaSNR increases in
comparison to bare-edge and the size of band gap do
not vary significantly with ribbon width. The indirect
to direct band gap transition observed in 10-AGaSNR.
when the armchair ribbon edges are saturated with
hydrogen atoms. The 4-ZGaSNR exhibits an indirect
band gap of 0.16eV and the direct band gap of 0.15eV.
Another H-saturated Nz-ZGaSNR with Nz=6 - 8 - 10
retain metallic behavior. The improvement towards
controlling the band structure and optoelectronic prop-
erties of GaS monolayer achieved with strain engineering.
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